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Quantifying Spin Defect Density in hBN via Raman and

Photoluminescence Analysis

Atanu Patra,* Paul Konrad, Andreas Sperlich, Timur Biktagirov, Wolf Gero Schmidt,
Lesley Spencer, Igor Aharonovich, Sven Hdofling, and Vladimir Dyakonov*

Negatively charged boron vacancies (V) in hexagonal boron nitride

(hBN) are emerging as promising solid-state spin qubits due to their optical
accessibility, structural simplicity, and compatibility with photonic platforms.
However, quantifying the density of such defects in thin hBN flakes has
remained elusive, limiting progress in device integration and reproducibility.
Here, an all-optical method is presented to quantify V; defect density in hBN
by correlating Raman and photoluminescence (PL) signatures with irradiation
fluence. Two defect-induced Raman modes, D1 and D2, are identified and
assigned them to vibrational modes of V; using polarization-resolved Raman
measurements and density functional theory (DFT) calculations. By adapting a
numerical model originally developed for graphene, an empirical relationship
linking Raman (D1, E,;) and PL intensities is established to absolute defect
densities. This method is universally applicable across various irradiation
types and uniquely suited for thin flakes, where conventional techniques

fail. The approach enables accurate, direct, and non-destructive quantification
of spin defect densities down to 10"° defects/cm?, offering a powerful

tool for optimizing and benchmarking hBN for quantum optical applications.

1. Introduction

integrating spin defects into various hybrid photonic devices

band gap of 6eV.[l Furthermore, identifi-
cation of optically active negatively charged
boron vacancy spin defects (V;) in hBN by
Gottscholl et. al.?] has garnered significant
interest in the field of quantum sensing
as V3 offers a robust platform for quan-
tum technologies that can operate at room
temperature. Specifically, it has been shown
that V centers are highly sensitive to their
environment, ! making them ideal quan-
tum sensors for magnetic fields,”] tem-
perature, and pressure.!] In general, due
to their reduced dimensionality, spin de-
fects in 2D van der Waals (vdW) materi-
als offer unique advantages over their coun-
terparts in 3D systems, such as nitrogen-
vacancy centers in diamond and spin de-
fects in silicon carbide. In the case of hBN,
this 2D nature allows for the creation of sta-
ble spin defects near the sample surface,
significantly enhancing the precision of
quantum sensing.[>*] Moreover, the atomic
thinness, stability, and chemical inertness

of hBN provide a scalable platform for
[9-11]

and even for use in studying complex charge dynamics in aque-

Hexagonal boron nitride (hBN) has become an indispensable

ous environments.!

12131 Such applications of hBN largely depend

part of device fabrication using van der Waals (vdW) materials,
serving both as an encapsulation and an insulator due to its large

on the precise control and distribution of spin defects in it. Al-
though defect generation can be achieved by various types of
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Figure 1. a) Optical b) SEM and c) integrated PL images of irradiated hBN (Sample-1). The areas are labeled as Tiles 1-12, irradiated with decreasing
jon fluence. Tile-1 (yellow) was irradiated with the highest fluence (11.5 ions/nm?) and Tile-12 (violet) with the lowest (0.01 ions/nm?). For PL maps,
spectra have been recorded point-by-point and the spectra have been integrated from 1.37eV to 1.65eV. d) Simulated boron vacancy density created
by a focused ion beam using the software SRIM. The depiction represents a cross section in the x-z plane where the x-y plane is parallel to the sample
surface. The density is shown on a logarithmic color scale. e) Vertical line profiles for the red line shown in (d), while the green line is averaged over
the x-dimension (green box around (d)). f) Depth distribution of the vacancy yield per ion distinguished by target atom. The data is the sum of every
vacancy created at a certain depth regardless of the x or y position. g) Characteristic spectra of the Raman modes D2, D1, E,, and PL for Tiles 1and 12

with a laser excitation energy of £, = 2.33eV (532 nm).

irradiaiton like focused ion beams,' neutrons,>® laser
writing!’! and electrons,'’] the absolute spin-defect density
is greatly dependent on irradiation parameters and sample
properties.

The emitted photoluminescence (PL) then depends on the type
of defects present in the system.'8 The PL of V;; has a broad, fea-
tureless spectrum in the near infrared ~850 nm. So far, the zero
phonon line has not been resolved yet but was estimated to be
at 773 nm.['% The electronic dipole moment linked to a defect
influences its PL. Furthermore, we also investigate the defect-
related vibrational modes and hence correlation to defect PL. In
this regard, Raman spectroscopy is a valuable tool in the under-
standing of the vibrational modes in 2D materials. In particu-
lar, Raman spectroscopy of graphene has been instrumental in
the study of its crystal structure and defects. Both, graphene and
hBN have a hexagonal crystal structure with Dy, and D, point-
group symmetry respectively. The main difference is the unit
cell composition. Graphene consists of carbon atoms, whereas
hBN contains boron and nitrogen, thus reducing symmetry. The
characteristic Raman peak in graphene is at 1585 cm™!, which
is a plane high frequency E,, and, additionally, a defect activated
mode, D peak is at 1350 cm~1.[192%] Several works have shown

Adv. Funct. Mater. 2026, 36, 17851 e17851 (2 0f9)

the quantification of the crystal size (L,) in graphene, and thereby
the defect-density from the relative contribution of the E,, and D
peak in nanographites,*2-2*l amorphous carbons, carbon nan-
otubes and graphene.[?>?°l Similar to graphene, recent studies
have identified!'>?’-3% a defect-related Raman peak in hBN. Vi-
brational modes of several prominent defects in hBN have also
been addressed theoretically.?!l Although methods such as elec-
tron paramagnetic resonance (EPR)®! and single defect counting
by PL mapping exist for an estimation of emitter density, they are
hardly applicable to the low absolute number of defects found in
thin flakes that also have a low photon count rate. Furthermore,
a standardized protocol for direct determination of spin-defect
density solely from spectral data could not be established yet.

In this work, we have investigated two emerging Raman
modes, labeled as D1 and D2 following the convention from the
graphene literature, alongside the well-established E,, mode in
hBN. We find that these newly identified Raman modes are asso-
ciated with V; defects, which emit a distinctive PL signal in the
near infrared under laser excitation, and support this assignment
using density functional theory (DFT) calculations. Both, D1 and
PL intensities, increase with laser excitation energy (E, ), provid-
ing insights into the optical absorption and intrinsic properties of
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V; spin defects. Polarization-dependent Raman measurements
were employed to understand the symmetry and origin of these
modes. We generated V; defects by focused nitrogen ion beam
irradiation in hBN with varying fluence and find that the inten-
sities of Raman modes and PL signal correlate with the fluence,
and hence with defect density. By analyzing the dependence of
area of the D1 and E,, Raman modes along with PL, we devel-
oped a method to directly quantify spin density as a function of
relative Raman and PL intensities alone, which is crucial for both
fundamental research and practical applications.

2. Results

2.1. Correlation of Raman and PL signals with spin defects

Bulk hBN was dry-transferred onto two substrates: SiO,/Si (re-
ferred to as Sample-1) and a Au/Cu gold-coated copper stripline
(referred to as Sample-2). V;; defects were introduced by nitrogen
irradiation at increasing fluences in a tile pattern (4 ym x 4 um
tiles). Details are provided in the Supporting Information, refer
to Tables S1 and S2 (Supporting Information). Optical and scan-
ning electron microscopy (SEM) images of Sample-1 are shown
in Figure 1a,b, respectively. The color contrast of the array of tiles
displays the variation in fluence. The PL map in Figure 1c, ob-
tained from integrated and normalized PL spectra, directly mir-
rors the irradiation pattern observed in the optical and SEM im-
ages.

The irradiation impact of the nitrogenfocused ion beam was
simulated using the software SRIM (The Stopping and Range of
Ions in Matter) and is shown in Figure 1d-{. For the calculations,
monolayer collision steps and a full collision report were calcu-
lated for ~10* ions and analyzed afterward (for more details see
Supporting Information). A lateral x-z cross section of the ion-
induced damage plume is shown in panel (d) where the color of
each pixel represents the amount of boron vacancies created per
1nm? on a logarithmic scale. The x-y plane of the simulation is
parallel to the sample surface and z is the depth below the sur-
face. The profile along the red line in (d) is shown in sub panel (e).
The green profile is additionally averaged over the x-axis. When
we take also the y-dimension into account, we get a comprehen-
sive view of the vacancies created in a certain depth. The data
shown in panel (f) represent the vacancy yield per ion as a func-
tion of depth, obtained by dividing the average vacancies created
at depth z by the number of ions used in the simulation. As can
be seen, the defects are all created within ~100 nm depth of the
surface with approximately equal share of boron and nitrogen va-
cancies present. While this is a valid result, SRIM is not suitable
to predict absolute defect densities as it treats damage cascades
independently and does not consider secondary effects such as
defect annealing, charge state, interstitials, etc.

Figure 1g shows the Raman and PL spectra measured at two
tiles on Sample-2: Tile-1 (yellow) corresponds to the highest irra-
diation fluence, while Tile-12 (violet) represents the lowest. The
whole spectrum was recorded in a single measurement with exci-
taion laser energy E; = 2.33eV (4, = 532nm). The Raman spec-
tra are shown in cm™, and the PL spectra in electronvolts (eV) for
clarity. We note that two samples were used in this study: Sample-
1 is the main analysis sample, but the Si background partially
overlaps with the D2 Raman mode (see Figure S1, Supporting In-
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formation). Sample-2 reduces this background, allowing clearer
identification of D2.

The most prominent mode of the Raman spectrum is at
~1365cm™", which corresponds to the E,, phonon at the Bril-
louin zone center. Notably, the peak position provides informa-
tion about the nature of present isotopes due to the mass differ-
ence between °B and B isotopes.3233l hBN with a single boron
isotope retrieved from either °B-or !B-enriched hBN show the
E,, mode at 1358(1) cm ™', respectively. In pyrolytic BN (pBN), it
appears at 1367(1) cm~1.["%] The next prominent features in the
Raman spectrum are observed at #1290 cm™! and 450 cm™!, la-
beled as D1 and D2 respectively in Figure 1g. These peaks are
associated with V; defects in hBN and pBN,!">#%31 and are
notably absent for carbon-based defects in hBN.3*3%] The ab-
sence of transverse optical Raman modes associated with cubic-
BN (cBN) at 1055cm™! excludes the possibility of hBN-to ¢cBN
transition.[3637]

The characteristic and broad PL signature of V; defects is ob-
served at & 1.53 eV (810 nm) at room temperature. In contrast
to Raman modes, PL does not exhibit isotope dependence, as
reported previously.>1>38] Table 1 summarizes the Raman and
PL peaks related to various defects in hBN, as observed in this
study and as reported in the literature.[1527:28.343940] The peak po-
sition of the D1 mode in hBN is independent (non-dispersive)
of the used laser energy E,, unlike the D mode in graphene.!?’]
We corroborate this finding for three different E;, as shown in
Figure S2 (Supporting Information). The different dispersion re-
lation in comparison to graphene is to be expected as we are not
dealing with a semi-metal with a Dirac-cone band structure, but
with an insulator.

2.2. Polarization-Dependence

To gain deeper insight into the structure of of the Raman modes,
specially D1 and D2 modes we conducted linear polarization-
dependent Raman measurements at Tile-4 (3.2 ions nm~?) of
Sample-2, as shown in Figure 2. The polarization direction of
the incident laser light is varied using a half wave plate (1/2)
which is introduced into the optical path of incident light, along
with an analyzer in the scattered path. For a fixed incident laser
polarization, the analyzer confines the scattered light either in
horizontal or in vertical configuration. Figure 2 presents data for
parallel polarization of excitation and emission. The orthogonal
configuration exhibits similar behavior with reversed features as
the 4/2 plate rotates relative to the sample axis with an angle 6
(see Figure S3, Supporting Information). By continuously vary-
ing the /2 plate, we can go from a Z(XX)Z to Z(YX)Z configura-
tion, corresponding to parallel (||) and perpendicular (1) polariza-
tion measurements, respectively. This is illustrated in the inset of
Figure 2a. In this notation, the first and fourth term represent the
direction of incident and scattered light, respectively. While the
second and third terms denote the polarization in the direction of
the incident and scattered light, respectively. In Figure 2a, spectra
for || and L polarizations are shown in red and blue, respectively.
In Figure 2b,c, contour plots that capture the full polarization de-
pendence of the Raman modes and PL are shown. These plots
reveal that the intensities of the PL, E,,, and D1 modes remain
constant against the rotation of the 1/2 plate. In contrast, the D2
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Table 1. Summarizing the Raman and PL modes corresponding to different defects in hBN, as identified in the present study (%) and reported

earlier[15:27,28,34,39,40]

Type of defect Process Raman modes [cm™] PL mode [eV]
D2 D1 Eyg
Nitrogen irradiation * 450 1290 1365 1.53 (810 nm)
Neutron transmutation in 1°Bl"%] 450 1296 1367.2 1.55 (800 nm)
Vg 12¢, 20Ne, 99Ga irradiation!?’] - 1290 1357 1.99 (620 nm) & 1.53 (810 nm)
Helium irradiation!28.2°] 448 1295 1367 1.5 (830 nm)
VaCq Carbon-doped!34+39:40] - - 1366 2.11 (585 nm)

mode demonstrates a pronounced dependence on it, highlight-
ing its distinct behavior compared to the other modes. A high-
resolution measurement using a 1800 lines mm™" grating reveals
that the D2 mode for || polarization is comprised of two compo-
nents, denoted as D2a and D2b. In contrast, for L-polarization,
only a single mode is observed, as presented in Figure 2d. The in-
tensities of different peaks from the contour plot in Figure 2b,c,
normalized with respect to their Z(XX)Z values, are depicted in
Figure 2e. This illustrates that only the D2 modes (D2a and D2b)
follow the cos? 6 dependence, as indicated by the solid orange
line in Figure 2f.

The intensity of Raman modes is expressed as I; «
2 -
, where R is the Raman tensor.*!! The interac-
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tion between the in-plane polarization of the incident light
and atomic vibrations alters the polarizability and the Raman
tensor, which is reflected in the Raman signal. Consequently,
the intensity of the E,, mode exhibits an isotropic behavior with
respect to 0, with an expected response of I, « constant. Such
isotropic variation of E,, is reported for basal plane measurement
in graphenel*! and transition metal dichalcogenide (TMDC)
materials.[+*44]

It is noteworthy that we are dealing with the V; point de-
fects with zero-field splitting parameter D ~ 3.5 GHz.[2] The
positive value of D describes that the electronic distribution
around the defect center has an oblate shape. We believe that
this oblate shape influences the electronic polarizability, which

Raman 90 PL
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o 500
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Figure 2. Linear polarization-dependent Raman modes: a) Spectra corresponding to Z(XX)Z and Z(YX)Z, are shown in red and blue, respectively. The
color contour plots present the variation of Raman b) and PL signals c) with respect to incident light polarization direction. d) Lorentzian fitting of the
D2 mode for two polarization configurations. For || polarization, the D2 peak is resolved into two sub-modes, D2a and D2b, appearing at ~ 459 and
352 cm™! with width T ~ 138 and 191 cm™', respectively. In contrast, for L-polarization, D2b is not detected, and D2a appears with reduced intensity at
465 cm™! with I' & 120 cm™". &,f) Polar plots of all Raman modes and the PL signal, normalized to their Z(XX)Z values. (e) Representing the isotropic
behavior of PL, E,,, and D;. (f) cos? 6 dependence of D2a and D2b.
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Figure 3. a) Characteristic Raman and PL spectra recorded at different tiles, as shown in Figure 1a,b. b) Calculated Raman spectrum and c) Schematic
diagram of atomic vibrations responsible for different Raman modes. d—f) Schematic illustrations of defect densities for each irradiation fluence are
presented in panels, adapted from.[2°] As the defect density increases, the overlap becomes more pronounced, adversely affecting both the Raman and
PL signals. g) The red region represents the area directly impacted by ion collisions, while the light blue region indicates the extent to which the ion

impacts remain visible.

contributes to the observation of additional Raman modes. Fur-
ther analysis of the Raman intensity with 8 demonstrates a sim-
ilar isotropic variation of E,, and D1 modes in Figure 2e. This
suggests that similar to the E,,-mode, in-plane atomic vibrations
around the defect are associated with the D1 mode, as presented
in schematic diagram Figure 3c. However, for atomic vibrations
out of the basal plane, the Raman intensity follows I o a cos? 6,
as observed in TMDCs.[***] A similar 6 dependence is observed
for both D2 modes in this study, confirming that their atomic vi-
brations are orthogonal to the Ezg and D1 modes, as illustrated in
Figure 2f.

Furthermore, we studied the dependence on laser excitation
energy (E;) of 2.62eV (473 nm), 2.33eV (532 nm), and 1.96eV
(633 nm) and find that PL and Raman spectra reveal a clear de-
pendence as shown for Sample-2 in Figure S4 (Supporting In-
formation). PL intensity peaks near the absorption maximum at
E, ~2.6 eV and remains strong even at 2.33 eV, which might be
due to enhanced ionization of neutral boron vacancies (V) into
their optically active charged state V;,.[**] We find that E,, follows
expected trends with excitation energy for a Raman mode. In con-
trast to that, the D1 mode mirrors the PL response, suggesting a
shared origin linked to defect density and photo-induced ioniza-
tion effects.

Adv. Funct. Mater. 2026, 36, 17851 e17851 (5 Of9)

2.3. Fluence-Dependence

Figure 3a shows the PL and Raman modes of Sample-1 at differ-
ent tiles corresponding to varying irradiation fluences, as indi-
cated in the images in Figure 1. An increase in irradiation fluence
is expected to generate more spin defects.['*] Consistent with this
expectation, we observe an increase in intensity of the defect-
related PL and D1 Raman modes with increasing irradiation flu-
ence in Figure 3a, while the intensity of E,, remains almost con-
stant within the experimental error. The observed similarity in
the changes in D1 and PL signals indicates a possible direct cor-
relation between the Raman and PL responses.

In addition to the observed intensity changes, the Raman line
width I" of the E,, -mode provides information about the crys-
tal structure. Specifically, the lower I value for the E,,-mode at
Tile-12, compared to Tile-1 shown in Figure S5 (Supporting In-
formation), indicates that the crystallinity of hBN is better pre-
served for the low irradiation in Tile-12. To further illustrate this,
the variations in I over the irradiation fluence for the E,, and D1
modes, as well as for the PL width, are presented in Figure S5
(Supporting Information). These data sets highlight that Raman
and PL width correlate with the irradiation fluence, reinforcing
the impact of irradiation on the structural integrity of hBN.
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To associate the Raman peaks in Figures 1g and 3a with spe-
cific vibrational modes of the boron vacancy, we carried out DFT
calculations using a supercell model with periodic boundary con-
ditions. While the vibrational eigenmodes of defects in hBN, in-
cluding the boron vacancy, have been previously studied with
DFT,3! the mere presence of such modes does not guarantee
their appearance in the Raman spectrum. Here, to calculate the
Raman activities of the vibrational modes of V;, we considered
a non-resonant Raman process, assuming an average over the
polarizations of incident and scattered light.*”] The Raman scat-
tering efficiency was approximated by non-spin-polarized calcu-
lations, while ensuring that the calculated vibrational modes are
consistent with those of the triplet state. As shown in red in
Figure 3D, the frequency of the E,, mode obtained from our cal-
culations for a pristine hBN monolayer (8 X 8 unit cells, 128
atoms) aligns well with the experiment. When V3 is introduced
into the supercell, the calculated Raman spectra reveal prominent
defect-induced Raman-active modes in the frequency regions cor-
responding to the experimental D1 and D2 peaks (Figure 3b;
Figure S6, Supporting Information).

The double-degenerate vibrational mode at 1265 cm™! (at the
D1 peak) exhibits a large amplitude and is strongly localized near
the defect, identifying it as a typical “local mode”.[*¥] Its vibra-
tional pattern is shown in Figure 3c. The calculated inverse partic-
ipation ratio (IPR), used to quantify the degree of localization, is
11.6, indicating that this mode is predominantly localized on only
~12 atoms in the supercell.[*] This explains why its frequency is
independent of the supercell size (cf. Figure S7, Supporting In-
formation) and is largely resilient to variations in the local defect
concentration within the sample. The quasi-local nature of the
vibrational mode D2 is explained in detail in Figures S6 and S7
(Supporting Information).

2.4. Phenomenological Model

In the determination of defect density, refs. [25, 26] emphasize
the importance of considering the distance between point like de-
fects. These studies propose an empirical model based on the in-
tensity ratio of D and E,, Raman modes in graphene. Figure 3d—f
shows schematics of the crystal structure containing defects,
adapted from ref. [25]. The phenomenological model is derived by
solving geometrical rate equations considering the evolution of a
structurally deformed region (S-, shown in red in Figure 3g) ex-
panding up to a radius rg and adjacent activated region (A-, shown
in light blue in Figure 3g) expanding up to r, with irradiation flu-
ence. Beyond g, the lattice structure is preserved. Nevertheless,
the proximity to defects leads to a mixing of Bloch states near
high-symmetry points up to distance r,, breaking selection rules
and resulting in the emergence of D-Raman modes. The derived
equation for the ratio of the Raman intensities is given by:(?°]

to _ o A [ (oY o (LA
R A G
+Cs |1 m’é
s |1—exp| —— 1)
LD

€17851 (6 of 9)
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The distance between defects is considered by the character-
istic length L. C, and Cg are scaling factors for activation and
structural deformation, respectively.

We fitted all Raman and PL spectra and used the areas for fur-
ther analysis as shown in Figure S4 (Supporting Information).
In our further analysis, we exclude the delocalized D2 mode due
to its spectral overlap with silicon modes and its weak intensity.
The areas of D1 (Ap), B, (Ag,) and PL (Ap,) are are plotted as
a function of irradiation fluence in Figure S9 (Supporting Infor-
mation) for all three E|. Notably, the intensity of A, is approxi-
mately two orders of magnitude higher than A;. However, when
normalizing these variations relative to their maximum values, as
shown in Figure 4a, a correlation between A, and Ap; becomes
apparent — i.e. the relative responses of A, and Ay, to ion flu-
ence changes are similar. We therefore introduce a single metric
(221 4 221 to make use of both fluence-dependent V} signatures

Apy Al

Apr

normalized to the E,, reference. Still, using only or L is

B
sufficient for this analys1s — however with reduced SNR While
maintaining the same physical meaning of g, r, and Ly, we ad-
just the scaling factors for activation (C},) and structural deforma-
tion (Cy) to apply to both A, and Ay, . Consequently, Equation (1)
is modified to:

2 _ 2 2 2 _ 2
AD1+APL_C1 rA—rS exp _”_’;s —exp _”(rAZ_rs)
AEZg A - 21’ LD LD
2
+C|1—exp s (2)
Ly

The PL is solely associated with the spin carrying V;; defect, as
follows from optically detected magnetic resonance.[>! Accord-
ing to our previous discussion, it follows that D1 can also be as-
sociated with the spin defect. Hence, we assume that the charac-
teristic length LD that we extract represents the spacing between
spin-defect. We can further relate Ly to the irradiation fluence
through L, = ——; whereaisa proportlonahty factor and g is
a ﬂuence-dependcence exponent. We then fit Equation (2) to the
data in Figure 4b for all three E|. r,, @, and f are set as global pa-
rameters shared across all three E;, while C} and C{ are specific
to each individual E,, as shown in Figure S10. The fitting yields
a =427 +£0.93,  =0.6 = 0.02, and r, = 2.42 + 0.43 nm, with
r¢ = 1.0 nm (as determined for structural disorder.!®)) For E; =
1.33 eV, only data points up to Tile-8 are included in the analysis,
as both PL and Raman intensities decrease substantially beyond
this point (see wavelength-dependence of Sample-2 in Figure S4).
In graphene the Raman relaxation length is reported to be =~ 2—4
nm.[?>21 We find r, -rg & 1.4 nm, which suggests a shorter Raman
relaxation length of the D1 mode in hBN. Following from this

1021
(4/3)zL3
in cm™, as illustrated in Figure 4c, with the shaded area depict-
ing the potential error associated with the fitting. Furthermore,
the estimated spin defect density adheres a power law with re-
spect to irradiation fluence C - D7, as shown by the solid line in
the figure, with an exponent of y = 1.8 + 0.01. From this graph,
the spin density can be read out directly as function of 30 keV
nitrogen irradiation fluence.

analysis, we now calculate the volume spin density, n, =
3

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. a) Dependence of integrated area A under curve for D1, E,, Raman modes and PL at E, = 2.33 eV on the irradiation fluence. Dotted traces
are guides to the eye. b) Data points represent (Ap; +APL)/AE2gv and the solid traces are calculated following Equation (2) for three E| values. c) The

calculated spin density using Equation (2). The shaded area represents the error associated with the fitting. The solid line is a fit of C - D” with y =
1.8 + 0.0, representing the power law dependence of the spin-defect density on the irradiation fluence. The colored boxes mark the values for the
corresponding tiles in Figure 1. d) The plot illustrates the direct estimation of spin defect density from the ratio (Ap; + Ap)/Ag, in uncharacterized

systems based on spectral response. The dashed line is a guide to the eye. The values (Ap; + Ap) /A, ~1971,[8] x165[27] and ~20,2%] calculated from

spectral response data in these references, following the described method are marked by different asterisks.

Finally, to enable a straightforward estimation of spin-defect
density by a single spectral measurement independent of irra-
diation type, we plot the spin-defect density against the ratio
(Ap; +Ap)/A ,, in Figure 4d. We observe that for a range of four
orders of magnitude up to a density of 10*° /cm® the model ac-
curately describes the dependence on the extracted Raman and
PL intensities. Therefore, by measuring Raman and PL signa-
tures of V, with this graph alone, it is possible to determine
the spin defect density. If experimentally either D1 or PL are not
accessible, this analysis is still valid by using only the ratio of
Apy /A, or Ap [Ag, as shown in Figure S11 (Supporting Infor-
mation). Our measurements further exhibit that variations in ex-
perimental conditions, such as objective magnification and grat-
ing grooves, only affect (Ap; + Ap;) /AEzg Dby less than 15 % (see
Figure S12, Supporting Information).

Limits of the model are discussed in the following. In Figure 4
and Figure S9 (Supporting Information), we observe saturation
or a decrease in PL intensity at high fluence above 1ion/nm?, in-
dicating damage to the crystal structure leading to deteriorating
influences on the V; system. The crystal damage is also reflected
in the broadening of the E,, mode and PL width in Figure S5
(Supporting Information). This indicates that the model is not
suited for 30 keV nitrogen ion fluences higher than 1ion/nm?
(=1 x 10*ions/cm?) and imposes a limit. However, this is spe-
cific for this type of irradiation. More general, the model is accu-
rate until the onset of PL intensity saturation and E,, broadening
for any type of irradiation. It has to be noted that this approach ex-
tracts the defect density implicitly from Equation (2). This intro-
duces some ambiguity when inverting the formula and becomes

Adv. Funct. Mater. 2026, 36, 17851 e17851 (7 Of9)

relevant for high density as seen for the last points in Figure 4d,
which are therefore expected to deviate.

For comparison, we calculate (A, + Ap ) /A By from the spec-
tral data given in ref. [8] (see Figure S13, Supporting Informa-
tion). The estimated spin density of ~5.9 x 10 cm, obtained
using the present method, is indicated by an asterisk in Figure 4d.
The reported defect density from EPR measurements is 5.4 X
107 cm~3, showing a one-order-of-magnitude difference. We as-
cribe this discrepancy to differences in defect creation processes.
Neutron irradiation is highly boron 10-isotope selectivel’! and
the irradiation fluence that was used for the sample is consid-
ered high. This implies that the irradiation is in a region beyond
the limits of our model. Furthermore, we expect neutron irradi-
ation to create primarily boron vacancies over other defects.>"!
This selectiveness might have severe influence on the Raman ac-
tive modes. The 3D nature of the neutron irradiated crystal does
also impact the E,, mode that we used for our model. To accu-
rately apply our model to neutron irradiated samples, a similar
irradiation study to this work would have to be repeated. This
would also enable comparison of our model to the estimation of
defect density with EPR. We expect our model to be much more
comparable with other types of ion irradiation. The results of the
SRIM simulation can only be taken qualitatively, i.e. it does not
allow us to estimate the exact number of spin defects. The model
that SRIM uses does not account for annealing processes at tem-
peratures above 0 K and assumes uncorrelated ion impacts. This
reduces the accuracy when predicting effects of high ion fluences
like we used in this work. Furthermore, SRIM can only provide
information about neutral boron vacancies and not their charge

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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state. Our model however works directly with signatures of the
negative charge state and therefore gives a direct estimation of
V, density.

Based on our findigs, we calculate (Ap, + Ap;) /AEzg from the
reported spectra, finding values of ~165 (Ga-irradiated at 1 X
10% ions/cm?)[?’! and 20 (He-irradiated at 2 x 10 ions/cm?),[?8]
which correspond to spin defect densities of ~6.2 x 10® cm=3
and 3.2 x 10" cm~3, respectively. These values are also indicated
Dby asterisks in Figure 4d.

3. Conclusion

In conclusion, our results demonstrate that the new D1 and D2
Raman modes serve as signature peaks of V; defects in hBN. Us-
ing polarized Raman spectroscopy and DFT calculations, we in-
vestigated the origin of these modes and their relation to atomic
vibrational eigenmodes of defects in hBN. We observed that both
the intensity of PL and defect-related Raman modes directly de-
pend on the irradiation fluence. Based on these observations, we
established an empirical relation linking the integrated area of
the D1, EZg and PL modes to the irradiation fluence. The derived
model is universally applicable independent of irradiation type
and the only method available for thin hBN flakes. This allows
for an easy-to-use all-optical quantification of absolute spin de-
fect density present in hBN, making it an indispensable tool for
photonic applications of spin defects in hBN.

4. Experimental Section

Experimental:  Raman and PL spectra were measured in backscattering
configuration using a commercial micro-Raman system (Horiba LabRAM
HR800) at room temperature with a 600 lines mm™! grating (spectral res-
olution ~#3.00cm~" per CCD pixel). A 100x objective (Olympus, NA = 0.9)
with laser spot size of & 1pm was used, and the laser power was consis-
tently maintained at 1 mW.

Computational Methods: All DFT calculations were performed using
the Quantum ESPRESSO package v.7.3,11:521 employing a plane-wave ba-
sis set and norm-conserving pseudopotentials. For the Vg defect, we con-
sidered different supercell sizes with one missing boron atom each, in-
cluding a single hBN monolayer (4 X 4 unit cells/31 atoms, 6 X 6 unit
cells/71 atoms, and 8 x 8 unit cells/127 atoms) and bulk hBN (8 x 8 x
2 unit cells/511 atoms with four monolayers). The convergence thresh-
old for atomic position relaxation was set to 107> Ry/Bohr. To avoid spu-
rious distortions in defect-containing supercells, particularly for smaller
systems, all calculations were conducted using the equilibrium lattice con-
stants of pristine hBN. However, we note that fixing the lattice constants
in some cases can induce spurious imaginary frequencies in the vibra-
tional spectrum. We find the calculated electronic structure and vibrational
modes to be robust with respect to the use of either the PBE exchange-
correlation functionall®3] within the generalized gradient approximation
(GGA) or the local density approximation (LDA). For computational rea-
sons, we use the LDA for the calculation of the Raman coefficients.

The vibrational modes of pristine and defect-containing supercells were
computed using density functional perturbation theory (DFPT)[>] as im-
plemented in the PHONON module of Quantum ESPRESSO. The local-
ization of each vibrational mode k was quantified using the inverse partic-
ipation ratio (IPR),[4>>°] defined as:

IPRy=—1 (3)

Za (Z: A’,f,;k)z
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where Ar,,;  is the normalized displacement vector of atom a along di-
rection i in phonon mode k. Nonresonant Raman coefficients were then
calculated based on DFPT results by evaluating the second-order response
to a uniform electric field.[*”] The computed Raman activities were convo-
luted with a Lorentzian lineshape of 10 cm™" width.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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